Background: Cigarette smoking is associated with a twofold increased risk of pancreatic cancer. We conducted a population-based case-control study in six San Francisco Bay area counties from 1994 to 2001 to investigate associations between polymorphisms in genes for two carcinogenmetabolizing enzymes (cytochrome P450 1A1 [CYP1A1] and glutathione S-transferase [GST]), smoking, and adenocarcinoma of the exocrine pancreas. Methods: We used polymerase chain reaction-based methods to analyze blood samples obtained from 309 case subjects and 964 control subjects to determine their genotypes for three CYP1A1 polymorphisms (m1, m2, and m4) and for homozygous deletions of two GST genes, GSTM1 and GSTT1. Control subjects were frequency matched to case subjects by age and sex. All statistical tests were two-sided. Results: None of the genetic polymorphisms themselves affected the risk of pancreatic cancer among Caucasian study participants. However, we observed an interaction between GSTT1-null genotype and cigarette smoking among Caucasians that was more prominent among women than among men. Relative to never smokers with the GSTT1-present genotype, the age-adjusted odds ratios (ORs) of pancreatic cancer for heavy smokers with the GSTT1-null genotype were 5.0 (95% confidence interval [CI] = 1.8 to 14.5) for women and 3.2 (95% CI = 1.3 to 8.1) for men; for heavy smokers with the GSTT1-present genotype they were 2.0 (95% CI = 1.0 to 4.0) for women and 2.1 (95% CI = 1.1 to 3.9) for men. ORs for pancreatic cancer among heavy smokers with both GSTT1-null and GSTM1-null genotypes were similar in magnitude to those among heavy smokers with the GSTT1-null genotype alone. There was no evidence of an interaction between CYP1A1 polymorphisms and smoking. Conclusions: The combination of heavy smoking and a deletion polymorphism in GSTT1 is associated with an increased risk of pancreatic cancer among Caucasians, with the associations possibly stronger in women than in men. J Natl Cancer Inst 2002;94:297-306]
Pancreatic cancer is the fifth leading cause of cancer deaths among men and women in the United States, but relatively little is known about its environmental etiology (1, 2) . Cigarette smoking has been modestly associated with risk of pancreatic cancer and is estimated to account for between 25% and 29% of pancreatic cancer incidence (3) (4) (5) . One study (4) observed a higher estimate of population attributable fraction due to smoking among women (29%) than among men (26%). Experimental and epidemiologic evidence suggests that both carcinogen-induced DNA damage and cellular damage induced by inflammation play a role in pancreatic carcinogenesis (6) (7) (8) (9) . For example, aromatic amines and nitrosamines present in cigarette smoke are thought to play a role in pancreatic carcinogenesis via activation by cytochrome P-450s (6) . Cigarette smoke, which has been shown to induce DNA damage and mutations in target cells, also contains and generates free radicals and oxidants (10) (11) (12) (13) (14) . Oxidative stress and free radical generation occur in pancreatitis, an inflammatory disease of the pancreas that is itself a risk factor for pancreatic cancer and for which smoking is a risk factor (8, (15) (16) (17) . These observations led us to hypothesize that polymorphisms in genes that encode carcinogen-metabolizing enzymes previously shown to alter risks from either the direct action of tobacco carcinogens or from the proinflammatory oxidative effect of tobacco constituents also affect the risk of smoking-related pancreatic cancer.
The human cytochrome P-450 1A1 (CYP1A1) gene, which is located on chromosome 15 at q22-q24, encodes arylhydrocarbon hydroxylase (AHH), a phase I enzyme involved in the activation of tobacco-related procarcinogens, such as polycyclic aromatic hydrocarbons (PAHs), nitrosamines, and aromatic amines. There are four previously studied polymorphisms in the human CYP1A1 gene. The CYP1A1 m1 polymorphism consists of a T-to-C substitution in the 3Ј noncoding region of the CYP1A1 gene that creates an MspI restriction enzyme cleavage site. The CYP1A1 m2 polymorphism, an A-to-G substitution at nucleotide 4889 in exon 7, a region that encodes a hemebinding domain of CYP1A1, results in the Ile462Val polymorphism (18) . The CYP1A1 m3 polymorphism, which was not evaluated in our study, is found only in African Americans (19) . The CYP1A1 m4 polymorphism, a C-to-A substitution that results in the Thr461Asn amino acid substitution, is only 2 base pairs away from the m2 polymorphism and consequently has been less well studied phenotypically (20) . Some studies (21, 22) have found that CYP1A1 m2, but not CYP1A1 m1, is associated with elevated levels of inducible CYP1A1 enzyme activity. Molecular epidemiologic studies of CYP1A1 variants (23) have linked the m1 and the m2 alleles to smokingrelated cancers of the lung, head and neck, and esophagus in Asian populations. In studies of tissue-specific expression of cytochrome P-450 enzymes (24) , levels were greater in both pancreas and liver samples from patients with pancreatitis and pancreatic cancer than in tissue samples from apparently nondiseased organ donors.
The glutathione S-transferases (GSTs) are a family of phase II isoenzymes believed to protect cells from reactive chemical intermediates and oxidative stress resulting from a wide range of electrophilic xenobiotics (e.g., tobacco-related carcinogens) and endogenous intermediates (e.g., reactive oxygen species) (25) . GST expression varies between individuals, and expression is tissue and sex specific (26) (27) (28) (29) (30) (31) (32) . Inheritance of null (gene deletion) alleles in the GSTM1 (chromosome 1p13.3) and GSTT1 (chromosome 22q11.2) genes is common in the population, varies by ethnicity (25, 33, 34) , and is associated with the loss of enzyme activity and cytogenetic damage (35) (36) (37) . Individuals that have either the m1 or m2 alleles of CYP1A1 and the GSTM1-null allele have higher levels of PAH and benzo[a]pyrene diolepoxide (BPDE)-DNA adducts in their leukocytes and lung tissue (38) (39) (40) . In contrast, although the GSTT1 wild-type enzyme detoxifies smaller reactive hydrocarbon intermediates, such as ethylene oxide, the wild-type allele does not appear to be associated with the presence of PAH or DNA adducts (25, 38) . Although case-control studies (41) (42) (43) (44) (45) (46) (47) have linked homozygous gene deletions of GSTM1 and GSTT1 to susceptibility to various cancers, including lung, bladder, head and neck, colon, and basal cell carcinoma, the results have been inconsistent.
We conducted a large population-based molecular epidemiologic study to investigate associations between pancreatic cancer and polymorphisms in carcinogen-metabolizing genes and other risk factors for this disease. We specifically investigated whether common genetic variants in the CYP1A1 gene, or loss-of-function deletion polymorphisms in GSTM1 or GSTT1, were associated with an altered risk of pancreatic cancer and whether any of these polymorphisms modified the effect of cigarette smoking on risk of pancreatic cancer.
SUBJECTS AND METHODS

Study Population
Case subjects had primary adenocarcinoma of the exocrine pancreas that was diagnosed between 1994 and 2001 and were identified by the Northern California Cancer Center (Union City, CA) using rapid case ascertainment. Eligible participants were 21-85 years of age, resided in one of six San Francisco Bay area counties (Alameda, Contra Costa, Marin, San Francisco, San Mateo, or Santa Clara) at the time of diagnosis, were alive at the time of ascertainment, and were able to communicate in English. Additional case subjects who met all study criteria but did not reside in one of the six San Francisco Bay area counties at the time of diagnosis (i.e., out-of-area subjects) were obtained through clinical files at the University of California, San Francisco (UCSF), Medical Center.
Control subjects were identified by using the random digit dialing (RDD) telephone recruiting method and, for those who were 65 years old and older, the Health Care Finance Administration (HCFA) lists. Control subjects were frequency matched with case participants by sex and by age within 5-year categories. Out-of-area control subjects, also identified by RDD, were frequency matched to out-of-area case subjects by sex, age, and their current home telephone area code and prefix. Detailed interviews were conducted in person at the participants' homes or at a location of their choice for San Francisco Bay area participants and by telephone for out-of-area participants. Study procedures were approved by the UCSF institutional review board, and written informed consent was obtained from each of the study participants before he or she was interviewed or provided a blood sample.
We interviewed 530 eligible pancreatic cancer patients for this study, which represented 65% of the 717 eligible San Francisco Bay area rapid ascertainment case subjects and 80% of the 81 eligible out-of-area case subjects. The analyses presented here are based on 309 interviewed case subjects who subsequently had their blood drawn to participate in the laboratory portion of the study and whose specimens were available for genetic testing. Blood or DNA specimens were not obtained from the remaining interviewed case subjects for the following reasons: no blood was drawn from out-of-area cases, patient was too sick, patient had died, patient refused, physician refused, or blood draw was insufficient or unsuccessful.
We interviewed 1701 eligible control participants for this study. Of those, 59% were obtained by RDD recruitment within the six-county San Francisco Bay area, 4% were obtained by RDD recruitment outside the six-county San Francisco Bay area, and 37% were recruited from HCFA lists. The eligible control subjects who completed interviews represented 60% of the 1680 eligible San Francisco Bay Area RDD control participants, 69% of the 94 eligible out-of-area RDD control participants, and 53% of the 1191 eligible HCFA control participants. Analyses presented here are based on 964 control participants who subsequently gave blood as part of the laboratory portion of the study and whose specimens were available for genetic testing. Blood or DNA specimens were not obtained from the remaining interviewed control participants for the following reasons: no blood was drawn from out-of-area control participants, participant refusal, participant had moved since the interview, participant was ill, blood draw was insufficient or unsuccessful, or participant had died.
The interview for all subjects included questions on tobacco use, alcohol consumption, diet, occupational exposures, family history, medical history, and demographic information. Race was self-reported according to three broadly defined categories: Caucasian, African American, and Asian. Hispanic participants were classified as Caucasian, Asian, or African American, depending on which of these racial categories was selected by the respondent. No proxy interviews were conducted.
Genotyping Assays
Genomic DNA was extracted from peripheral blood lymphocytes using the QIAmp DNA Blood Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. All polymerase chain reaction (PCR) assays contained 0.1 g of genomic DNA, Taq polymerase (Applied Biosystems, Foster City, CA) and 1.5 mM (for CYP1A1 amplifications) or 2.0 mM (for GST amplifications) Mg 2+ in standard PCR buffer 1 (Applied Biosystems). The CYP1A1 m1 allele was detected using a nested PCR reaction. The first PCR reaction contained 0.75 U of Taq polymerase and oligonucleotide primers OZ-1 (forward; 5Ј-TCACTCGTCTAAATACTCACCCTG-3Ј) and ZF-2 (reverse; 5Ј-TAGGAGTCTTGTCTCATGCCT-3Ј) and 12 amplification cycles of 94°C for 30 seconds, 65°C for 30 seconds, and 72°C for 1 minute. The second PCR reaction contained 1.25 U of Taq polymerase and oligonucleotide primers ZF-1 (forward; 5Ј-CAGTGAAGAGGTGTAGCCGCT-3Ј) and OZ-2 (reverse; 5Ј-GAGGCAGGTGGATCACTTGAGCTC-3Ј) and 32 amplification cycles of 94°C for 30 seconds, 65°C for 30 seconds, and 72°C for 1 minute. Fifteen microliters of the final PCR products were incubated with 5 U of the restriction enzyme MspI at 37°C overnight and resolved on agarose gels. Cleaved PCR products indicated the presence of the variant CYP1A1 m1 allele. CYP1A1 m2 and m4 alleles were detected using a PCRrestriction fragment length polymorphism (RFLP) test as described by Cascorbi et al. (20) .
We determined the genotypes (wild-type [WT] or heterozygous deletion versus homozygous deletion) of participants at their GSTM1 and GSTT1 loci using a multiplex PCR assay and the oligonucleotide primer pairs GSTT1 (forward; 5Ј-TTCCTTACTGGTCCTCACATCTC-3Ј) and GSTT2 (reverse; 5Ј-TCACCGGATCATGGCCAGCA-3Ј), and GSTM1 (forward; 5Ј-CTGCCCTACTTGATTGATGGG-3Ј) and GSTM2 (reverse; 5Ј-TGCATTGTAGCAGATCATGC-3Ј). Each reaction also included oligonucleotide primers 1A1-A (forward; 5Ј-GAACTGCCACTTCAGCTGTCT-3Ј) and 1A1-B (reverse; 5Ј-CAGCTGCATTTGGAAGTGCTC-3Ј), to serve as an internal control for amplification of CYP1A1 gene sequences. The following PCR conditions were used (MgCl 2 , 2 mM): 40 cycles of 94°C for 30 seconds, 60°C for 30 seconds, and 72°C for 1 minute. PCR-amplified DNA was resolved on 2.5% agarose gels containing ethidium bromide.
Polymorphism Designation
We used the following nomenclature to specify genotypes at specific carcinogen-metabolizing gene loci: CYP1A1 m1 (MspI, T→C): wild-type (WT)/WT, WT/m1, m1/m1; CYP1A1 m2 (exon 7, Ile→Val, A→G): Ile/Ile, Ile/Val, Val/Val; CYP1A1 m4 (Thr→Asn, C→A): Thr/Thr, Thr/Asn, Asn/Asn; GSTM1: present (WT or heterozygous deletion), null (homozygous deletion); and GSTT1: present (WT or heterozygous deletion), null (homozygous deletion).
Statistical Methods
Tests for Hardy-Weinberg equilibrium were conducted by comparing observed genotype frequencies with expected genotype frequencies among control subjects using a 2 test with 1 df. Expected genotype frequencies were calculated from allele frequencies. ORs and 95% CIs were estimated using unconditional logistic regression analysis in SAS (v.8; SAS Institute, Cary, NC). All statistical tests were two-sided.
For these analyses, we used data obtained at interview using structured questionnaires. Age at interview was treated as a continuous variable. Participants were classified as never smokers if they reported that they had smoked 100 or fewer cigarettes in their lifetime and had smoked pipes or cigars less than once per month for at least 6 months. Cut-points for the cigarette smoking variables, duration of smoking (i.e., 1-13, 14-26, 27-39, and ജ40 years) and pack-years (the number of packs per day multiplied by the number of years of smoking (i.e., <6.3, 6.3-20.21, 20.22-40.99, or ജ41), were based on quartiles of the distribution of each variable among control participants who were classified as smokers. We also evaluated recent smoking by restricting pack-years or duration of smoking to that within 15 calendar years of either the date of diagnosis (for case subjects) or study interview (for control subjects). ORs for cigarette smokers are presented relative to never smokers. Participants were classified as never drinkers if they never consumed one or more alcoholic drinks per month during their lifetime. Variables for any lifetime consumption of alcohol (at least one drink per month) were analyzed separately for each type of alcoholic beverage (beer, wine, or liquor) and in combination (never drinker, beer or wine, liquor only or liquor plus beer or wine, and liquor plus beer plus wine). The number of alcoholic beverages consumed per day during the previous year was analyzed for each type of drink separately (light beer, beer, white wine, red wine, or liquor) and in combination for any type of alcoholic beverage. No differences in the results were seen using these various definitions of alcohol consumption as a potential confounder in the analyses.
Potential confounders were included in the multivariable models if their inclusion caused ␤ parameter estimates to change by more than 10%. Final multivariable logistic models for smoking, metabolic polymorphisms, and pancreatic cancer included only age at interview and sex, the two variables used in matching case and control subjects. Potential confounders that were evaluated and did not change parameter estimates by more than 10% were alcohol or coffee consumption, educational level, annual household income, first-degree family history of pancreatic cancer, and a personal history of diabetes mellitus, gallbladder disease, ulcer, allergy, or vitamin B12 deficiency. Self-reported history of pancreatitis (25 case subjects, 12 control subjects) was evaluated as a possible confounder but was omitted from multivariable models presented in the tables because this condition may be an intermediate in the causal pathway between smoking and incidence of pancreatic cancer (8, 16, 17) . However, for comparison, all final models were run with a variable for history of pancreatitis, and the pattern of results was similar to that obtained from models lacking this variable.
Gene-environment, gene-gene, and gene-gene environment interactions were assessed by using stratified analyses and by evaluating departures from additive effects. Because both approaches gave the same results, we present only departures from additive effects. We evaluated departures from additive effects of two variables by coding a new variable with a common ref-erent group based on a priori hypotheses. For example, to evaluate the combined effect of the GSTM1-null genotype and packyears of smoking, we coded a new variable with the following six categories: GSTM1-present/never smoker (referent group), GSTM1-null/never smoker, GSTM1-present/smoker with less than 41 pack-years, GSTM1-null/smoker with less than 41 packyears, GSTM1-present/smoker with greater than or equal to 41 pack-years, and GSTM1-null/smoker with greater than or equal to 41 pack-years. ORs for the combined effect of genotype and cigarette smoking were estimated using unconditional multivariable logistic models (PROC LOGISTIC) in SAS. The magnitude of an interaction effect was determined by estimating the ageand sex-adjusted interaction contrast ratio (ICR) and 95% CIs using PROC LOGISTIC in SAS (48) . We calculated the ICR using the following formula:
ICR ‫ס‬ RR 11 -RR 10 -RR 01 + 1, where RR 11 is the risk ratio (RR) for heavy smokers with a variant genotype, RR 10 is the risk ratio for a variant genotype among nonsmokers, and RR 01 is the risk ratio for heavy smokers with a nonvariant genotype. ORs were used to estimate RRs. An ICR greater than zero implies a greater than additive relationship between the genotype and smoking (interaction), whereas an ICR of zero implies an additive relationship (no interaction) and an ICR less than zero implies a less than additive relationship (negative interaction) (49) . Confidence limits for ICRs that exclude zero were considered statistically significant at an alpha level of .05. For estimation of ICRs, cigarette smoking was dichotomized using the highest quartile of smoking as the exposed group.
RESULTS
Characteristics of the pancreatic cancer case subjects and the control subjects are presented in Table 1 . The distributions of age and sex among these two groups of subjects were approximately equal because these were variables used to frequency match the case and control subjects. Two characteristics were associated with an increased risk of pancreatic cancer: being a heavy smoker, which was defined as being in the highest quartile of smoking pack-years (ജ41 pack-years) among control subjects who smoked (age-and sex-adjusted OR ‫ס‬ 2.3, 95% CI ‫ס‬ 1.6 to 3.3), and having 12 or fewer years of formal education (age-, sex-, and pack-years-adjusted OR ‫ס‬ 1.5, 95% CI ‫ס‬ 1.0 to 2.1). Age-adjusted ORs for smoking and pancreatic cancer did not differ appreciably between the women and men in our study (data not shown).
The frequencies of null genotypes for GSTT1 and GSTM1, and allele and genotype frequencies for the CYP1A1 polymorphisms, by race, are presented in Table 2 . The observed CYP1A1 m1 genotypes among control subjects in each racial group were in Hardy-Weinberg equilibrium (P ‫ס‬ .12 among Caucasian participants, P ‫ס‬ .14 among African American participants, and P ‫ס‬ .91 among Asian participants). The observed CYP1A1 m2 genotypes among Caucasian control participants deviated from Hardy-Weinberg equilibrium (P ‫ס‬ .003). Among Caucasians, age-and sex-adjusted ORs for risk of pancreatic cancer associated with GSTM1, GSTT1, CYP1A1 m1, and CYP1A1 m2 were near unity ( Table 2) . Although the CYP1A1 m4 variant (Asn461) was associated with reduced risk of pancreatic cancer among Caucasians, the risk estimate was not statistically significant. We found no statistical evidence for linkage between the CYP1A1 m2 and CYP1A1 m4 variant alleles (no concordance, data not shown). When the data were stratified by sex, ORs for GSTT1, CYP1A1 m1, and CYP1A1 m2 were higher for Caucasian women than for Caucasian men.
Among the African American study participants, variant genotypes for CYP1A1 m1 were associated with a statistically nonsignificant increased risk of pancreatic cancer (Table 2) . ORs for CYP1A1 m2 and CYP1A1 m4 could not be estimated among the African American subjects because of the lack of variation of these polymorphisms in this population.
Among the Asian participants, increased risks of pancreatic cancer were seen for variant genotypes in CYP1A1 m1 and CYP1A1 m2; however, the numbers were small in some categories, and the 95% CIs were wide ( Table 2) . ORs of pancreatic cancer associated with the CYP1A1 m4 allele could not be estimated among Asians because of the lack of variation of this polymorphism in this population. We compared the combined effect of the CYP1A1 m1 and m2 polymorphisms among the Asian participants to the Asian individuals who had wild-type alleles of both genes (four case subjects, 21 control subjects). For those individuals with at least one variant allele at either locus (three case subjects, 12 control subjects), the age-and sex-adjusted OR was 1.9 (95% CI ‫ס‬ 0.33 to 11.2); for those with at least one variant allele at both loci (10 case subjects, 19 control subjects), the age-and sex-adjusted OR was 4.1 (95% CI ‫ס‬ 0.97 to 17.3; data not shown). GSTT1 was associated with a nearly twofold but statistically nonsignificant increased risk of pancreatic cancer among the Asian subjects (Table 2) . There was no evidence among the Caucasian participants for any interactions between genotypes (data not shown). Limited sample size precluded a meaningful evaluation of interactions between GSTT1 and either CYP1A1 m2 or CYP1A1 m4 or among GSTM1, GSTT1, and CYP1A1. Stratification of genotype-genotype interaction analyses by sex did not reveal any consistent patterns. We compared the combined effect of the GSTM1 and GSTT1 genotypes among the Asian participants to the effect of the GSTM1-present/GSTT1-present genotype among Asian participants. Those participants with either the GSTM1-null/GSTT1-present or GSTM1-present/GSTT1-null genotype had an age-and sex-adjusted OR of 1.1 (95% CI ‫ס‬ 0.24 to 5.2), whereas those with a GSTM1-null/GSTT1-null genotype had an age-and sex-adjusted OR of 2.3 (95% CI ‫ס‬ 0.44 to 12.4; data not shown). Point estimates for main genotype effects (GSTM1, GSTT1, CYP1A1 m1, and CYP1A1 m2) among Asian participants increased when smoking duration or pack-years (but not alcohol consumption) was added to logistic models (data not shown). In general, among Asian and African American participants, estimates of ORs for combined genotypes were too imprecise for meaningful interpretation. †Genotype data missing. All percentages, including allele frequency, were calculated by using nonmissing data. ‡OR for null (homozygous deletion) relative to present (wild-type or heterozygous deletion); adjusted for age and sex. §Allele frequencies were calculated by using the formula (2aa + Aa)/2N, where aa is the number of participants with a homozygous variant genotype, Aa is the number of participants with a heterozygous genotype, and 2N is the total number of chromosomes (two times the total number of participants).
OR for heterozygous or homozygous variant relative to wild-type; adjusted for age and sex.
We evaluated the data for a GSTT1-smoking interaction among Caucasian participants and found that the age-and sexadjusted risk of pancreatic cancer was higher for those who were heavy smokers (40 years old or older or 41 pack-years or more) and had a GSTT1-null genotype than for those who were heavy smokers and had a GSTT1-present genotype (Table 3) . We also calculated the ICRs to estimate the magnitude of the interaction between GSTT1-null genotype and heavy smoking. For example, for both sexes combined, the age-and sex-adjusted ICR was 2.2 (95% CI ‫ס‬ -0.58 to 4.9) for the GSTT1-null genotype and 40 years or more of smoking and 1.9 (95% CI ‫ס‬ -0.46 to 4.2) for the GSTT1-null genotype and 41 pack-years or more of smoking. Age-adjusted ICRs for the GSTT1-null genotype and 40 years or more of smoking by sex were 5.4 (95% CI ‫ס‬ -2.4 to 13.2) for women and 0.64 (95% CI ‫ס‬ -1.7 to 3.0) for men. Age-adjusted ICRs for the GSTT1-null genotype and 41 packyears or more of smoking by sex were 2.9 (95% CI ‫ס‬ -2.1 to 8.0) for women and 1.4 (95% CI ‫ס‬ -1.0 to 3.9) for men.
We tested for interactions between heavy smoking and GSTM1-null or GSTT1-null genotypes among Caucasian participants and found that the associations and interaction effects were weaker for the GSTM1-null genotype than for the GSTT1-null genotype. For both sexes combined, the age-and sexadjusted OR (and ICR) for heavy smokers (ജ41 pack-years) with the GSTM1-null genotype was 2.5 (95% CI ‫ס‬ 1.4 to 4.3, ICR ‫ס‬ 1.0; 95% CI ‫ס‬ -0.30 to 2.3), whereas the age-and sex-adjusted OR for heavy smokers with the GSTM1-present genotype was 1.6 (95% CI ‫ס‬ 0.93 to 2.9). The age-and sexadjusted OR for light smokers (<41 pack-years) with the GSTM1-null genotype was 0.93 (95% CI ‫ס‬ 0.57 to 1.5), and the age-and sex-adjusted OR for light smokers with the GSTM1-present genotype was 0.88 (95% CI ‫ס‬ 0.53 to 1.4). The age-and sex-adjusted OR for never smokers with the GSTM1-null genotype was 0.74 (95% CI ‫ס‬ 0.43 to 1.2). Combined ORs for heavy smoking and GSTM1 were not substantially different when the data were stratified by sex (data not shown).
We then evaluated the data for a gene-gene environment interaction between GSTT1 genotype and GSTM1 genotype and smoking by estimating the OR for risk of pancreatic cancer among Caucasian subjects who were heavy smokers and had both the GSTM1-null and GSTT1-null genotypes (Table 4) . These combined ORs were 4.2 (95% CI ‫ס‬ 1.4 to 12.3) and 3.5 (95% CI ‫ס‬ 1.4 to 8.8) for heavy smokers with 40 years or more of smoking and 41 or more pack-years of smoking, respectively, with the GSTT1-null and GSTM1-null genotypes; ORs were similar in magnitude to the combined ORs estimated for heavy smokers with the GSTT1-null genotype (both sexes combined; the OR for 40 years or more of smoking was 4.1 [95% CI ‫ס‬ 1.9 to 8.9] and the OR for 41 or more pack-years of smoking was 3.9 [95% CI ‫ס‬ 2.0 to 7.7]). These results suggest that the GSTM1-null genotype does not modify the observed interaction of GSTT1-null genotype with heavy smoking. However, when stratified by sex, the data on gene-gene environment interactions were too sparse for meaningful interpretation. We evaluated the data for potential interactions between CYP1A1 polymorphisms and smoking. We found no evidence for interactions between the CYP1A1 m1 variants and either smoking duration or pack-years (data not shown). Among nonsmoking women (but not men), the OR for those with CYP1A1 m1 variant genotypes was elevated almost twofold (OR ‫ס‬ 1.8, 95% CI ‫ס‬ 0.87 to 3.7) compared with nonsmokers with the CYP1A1 wild-type genotype. Among Caucasian participants, we found no interactions between smoking and variant genotypes for CYP1A1 m2 and CYP1A1 m4 nor among years since cessation of smoking and GSTM1, GSTT1, or CYP1A1 m1 (data not shown). Further, there was no evidence that any genesmoking interactions were more pronounced if pack-years or duration of smoking were restricted to smoking within 15 years of the date of diagnosis for case subjects or the date of interview for control subjects (data not shown). Insufficient numbers precluded analyses of gene-smoking interactions for the GSTM1, GSTT1, and CYP1A1 polymorphisms among African American and Asian participants.
We noted that, for some comparisons, the prevalence of heavy smoking (ജ40 years' duration) was lower among control group subjects with a variant genotype than it was among control group subjects with a wild-type genotype (Table 3) . To investigate the potential role of age in the lower prevalence of heavy smoking among subjects with variant genotypes, we analyzed the data for associations between age at diagnosis or interview and genotypes among the smoking duration categories and found none (data not shown). In addition, we found that none of the polymorphisms evaluated in this study was associated with age at diagnosis among pancreatic cancer case subjects of any racial group (data not shown) and that none of the polymorphisms was statistically significantly associated with age at interview among either the Caucasian or African American control subjects (data not shown). Among the Asian control subjects, age at interview was statistically significantly lower among the those with the GSTM1-null genotype (56.8 years) than among those with the GSTM1-present genotype (65.4 years, Wilcoxon rank sum test, P ‫ס‬ .01).
DISCUSSION
We studied the associations between genetic polymorphisms at loci that encode carcinogen-metabolizing enzymes, smoking, and pancreatic adenocarcinoma in a population-based casecontrol study in the San Francisco Bay area. In an analysis to detect gene-environment interactions among the Caucasian participants, we found evidence that suggests that the homozygous deletion of GSTT1 and heavy cigarette smoking has a synergistic effect on the risk of pancreatic cancer. These observations support the hypothesis that inherited deletion polymorphisms in GSTT1 increase susceptibility to smoking-related pancreatic adenocarcinoma, possibly by interfering with the detoxication of tobacco-associated carcinogens or reactive endogenous intermediates. These associations and interaction effects were stronger among women than among men, suggesting that hormones or other gender-specific factors may play a role in mediating the effects of cigarette smoking on pancreatic carcinogenesis. Consistent with our findings, phenotypic studies (36, 37, 50) suggest that women with GSTT1-null and GSTM1-null genotypes may be more susceptible to the effects of DNA-damaging agents than Table 4 . Odds ratios (ORs) and 95% confidence intervals (CIs) for pancreatic cancer and the combined effect of smoking and the GSTT1 and GSTM1 genotypes among Caucasian participants, San Francisco Bay area, California, 1994 California, -2001 men with those genotypes. In addition, three previous casecontrol studies (3, 4, 51) and one recent prospective cohort study (52) observed higher smoking-related relative risks of pancreatic cancer among women than among men. The finding of higher relative risk among women for the combined effect of GSTT1 and smoking in our study requires replication in other population-based studies. We found limited evidence for an increased risk of pancreatic cancer among Asian participants who had the GSTT1-null genotype and variant CYP1A1 m1 and m2 alleles (alone or in combination). However, most of these associations were caused by an excess of heterozygotes among the case subjects. Although it is not clear why these associations were confined to one ethnic/racial group, there is published evidence (53) of ethnic and geographic variation in pancreatic cancer incidence, with Japanese having among the highest rates worldwide. Interestingly, eight (47%) of the 17 Asian case subjects in our study reported that both of their parents were of Japanese heritage. Thus, although we cannot rule out the possibility that the increased risk of pancreatic cancer we observed among the Asian participants was because of chance and imprecision resulting from the small number of Asian participants, we also cannot rule out the possibility that unknown disease-related alleles at linked loci may be driving the observed associations among the Asian participants.
Two earlier studies (54, 55) of metabolic gene polymorphisms evaluated risk of pancreatic cancer associated with main gene effects only. One study (54) investigated CYP1A1 (m1 and m2) polymorphisms and pancreatic cancer among Korean case and control subjects, whereas the other study (55) investigated GSTM1 polymorphisms in a sample of Caucasians. Neither study reported an association between these polymorphisms and pancreatic cancer. A third, more recent case-control study (56) of pancreatic adenocarcinoma evaluated risk associated with null alleles of GSTM1 and GSTT1 and with the m2 allele in CYP1A1 and found neither an overall association between these genotypes and pancreatic cancer risk nor evidence of a main effect of smoking or interactions between smoking and these genotypes. However, each of these studies had small sample sizes that precluded more detailed evaluation and interpretation of the data.
The mechanisms by which carcinogens in tobacco smoke affect the pancreas are currently unknown. It is possible that these mechanisms may involve the direct actions of tobaccoassociated substrates of GSTT1 on pancreatic tissues. Alternatively, carcinogens in tobacco smoke may indirectly affect GSTT1 substrates derived from smoking-associated oxidative species and/or inflammatory processes in the pancreas. The ORs and ICRs for the combined effect of heavy smoking and the GSTM1-null genotype determined in our study, plus evidence from two previous studies (55, 56) , suggest that detoxication of tobacco-associated PAH (e.g., BPDE) by GSTM1 is unlikely to play a major role in pancreatic carcinogenesis. Moreover, the lack of interaction between smoking and CYP1A1 polymorphisms in this study also suggests that the major mechanism by which smoking increases the risk of pancreatic cancer is not through the direct action of tobacco-associated constituents (e.g., PAH) that are modified by CYP1A1. Further, evidence for a direct effect of smoking on pancreatic cancer risk is not supported by the spectra of p53 and K-ras mutations that are commonly observed in exocrine pancreatic adenocarcinoma (57, 58) .
The spectrum of p53 mutations in pancreatic adenocarcinoma is mixed in that the number and predominance of transversions of the p53 gene are more similar to those associated with bladder cancer and colorectal cancer than with smoking-related cancers of the lung, head and neck, and esophagus (57, 58) . In addition, at least 75% of pancreatic tumors show mutations in codon 12 of the K-ras oncogene. As is seen in colorectal cancer, transition mutations also predominate in pancreatic cancer, whereas in lung cancers, transversion mutations predominate (59) . Our results, which showed an interaction between the GSTT1-null genotype and smoking and a lack of interaction between either the GSTM1-null genotype or variant CYP1A1 alleles and smoking, together with results published on p53 and K-ras mutations, are consistent with the hypothesis that an indirect effect via an endogenous mechanism associated with tobacco smoking is involved in pancreatic carcinogenesis.
GSTT1 protects cells from the natural byproducts of lipid peroxidation and oxidative stress (e.g., hydroxyalkenals and ethylene oxide) (25) , and the GSTs have been implicated in susceptibilities to other inflammatory diseases, such as hepatitis and ulcerative colitis (60) (61) (62) . It is therefore possible that individuals who smoke at high intensity and for prolonged periods and who are carriers of inherited GSTT1-null alleles could have constitutively high levels of lipid peroxidation byproducts and oxidative damage in their pancreatic tissues. This damage could cause an increased risk of pancreatic cancer because of increases in mutations, chromosomal abnormalities, and cell division or tumor-clone selective pressure (63) . Smoking has been associated with pancreatic tissue damage observed at autopsy (64) , and DNA adducts associated with oxidative stress and phospholipid peroxidation (e.g., malondialdehyde-DNA adducts) have also been detected in human pancreata (6, 7, 65, 66) . However, because DNA adduct levels have not been consistently correlated with variables for smoking, age, sex, body mass index, or genotypes for GSTT1 and GSTM1 (65, 66) , it is possible that other genes involved in the oxidative stress response and DNA repair pathways may mediate the potential synergy between GSTT1 and smoking that affects pancreatic cancer risk. Furthermore, expression of GSTs in the pancreas is variable and may be influenced by other factors in addition to these genetic polymorphisms (32) .
We found that the potential modification of smoking-related relative risks for pancreatic cancer by GSTT1 applied to a relatively modest subset of individuals. Using our data on age-and sex-adjusted ORs for individuals with the GSTT1 genotypes and 41 pack-years or more of smoking, we estimated that 14% of pancreatic cancer cases among the Caucasian subjects with the GSTT1-present genotype and 34% of pancreatic cancer cases among the Caucasian subjects with the GSTT1-null genotype would have been prevented had those individuals decreased or discontinued their heavy smoking. However, the real importance of these findings may be to further our understanding of the etiology of this deadly cancer.
A limitation of our study was the low participation rate among the pancreatic cancer case subjects who rapidly succumbed to the disease after diagnosis. Consequently, we cannot rule out the possibility that one or more of the genes examined in this study may be associated with tumor aggressiveness or disease mortality and thus may have affected case subject participation. Although all of the comparisons in our study, including stratifications by sex, were based on solid biologic rationale, our finding of increased relative risk among women, but not men, who were heavy smokers and carried a GSTT1 gene deletion, was unexpected. An alternative explanation is that the true background rates of pancreatic cancer among nonsmokers may differ by sex. Nonetheless, this finding is consistent with reports of higher smoking-related relative risks of pancreatic cancer among women than among men (3, 4, 51, 52) and with recent reports showing that elevated relative risks for other smoking-related cancers are associated with the GSTT1 gene deletion (46, 47) . The strengths of our study were its populationbased study design and the use of rapid case ascertainment, which allowed exposure and covariate information to be gathered from in-person interviews rather than from proxy interviews.
Our data support the hypothesis that the GSTT1 enzyme protects pancreatic cells from the damaging effects of tobacco smoking and that lacking this enzyme may increase the risk of smoking-related pancreatic cancer. Furthermore, women who lack the GSTT1 enzyme may be more susceptible to these damaging effects than men who lack the enzyme. The data also suggest that the m1 and m2 alleles of CYP1A1 and the gene deletion allele for GSTT1 increase the risk of pancreatic cancer among Asian participants. The absence of consistent interaction between smoking and GSTM1-null or variant CYP1A1 genotypes does not rule out the possibility that tobacco-related carcinogens act directly in the pancreas but suggests that other environmental carcinogens are likely to play a role in the etiology of pancreatic cancer. Likewise, the possible interaction between GSTT1 gene deletion and heavy smoking in this study does not exclude the potential roles that other genes and pathways may have in the metabolism of endogenous intermediates in pancreatic carcinogenesis.
